Blood-brain barrier (BBB) dysfunction has been implicated in ischemic risk following aneurysmal subarachnoid hemorrhage (aSAH), but never directly imaged. We prospectively examined whether post-bleed day 4 dynamic contrastenhanced magnetic resonance (DCE-MR) BBB permeability imaging could predict development of delayed cerebral ischemia (DCI). Global MR-derived BBB permeability (K trans ) was significantly higher in aSAH patients who subsequently developed DCI (five patients; 2.28 AE 0.09 Â 10 À3 min À1 ) compared to those who experienced radiographic vasospasm only (three patients; 1.85 AE 0.12 Â 10 À3 min À1 ; p < 0.05), or no vasospasm/ischemia (eight patients; 1.74 AE 0.07 Â 10 À3 min À1 ; p < 0.01). K trans > 2 Â 10 À3 min À1 predicted development of DCI (AUC ¼ 0.98, 95% CI: 0.93-1). Global BBB dysfunction following aSAH is detectable with DCE-MR and predictive of ischemic risk.
Introduction
Delayed cerebral ischemia (DCI) is a multifactorial process often concomitant with radiographic cerebral vasospasm that occurs in approximately 30% of patients after aneurysmal subarachnoid hemorrhage (aSAH).
1,2 Neurological deficits from DCI account for the majority of in-hospital morbidity and mortality in aSAH patients, and dramatically impact functional outcomes. Prospective identification of those patients at highest risk for DCI following aSAH is nonetheless challenging, as current assessments of ischemic risk are largely based on crude measures of subarachnoid blood, [3] [4] [5] and radiographic vasospasm can occur with or without clinical or ischemic sequelea. 6 While the exact mechanisms underlying cerebral vasospasm and DCI following aSAH remain poorly understood, the importance of early microvascular dysfunction and the inflammatory response in these processes has been established in laboratory, translational, and clinical models. [7] [8] [9] [10] [11] [12] [13] [14] [15] Under normal homeostatic conditions, the brain is a largely immune-privileged organ due to the presence of vascular endothelial cell tight-junctions comprising the blood-brain barrier (BBB). Following aSAH, pathologic extravasation of leukocytes through the BBB microvasculature leads to an upregulation of extravascular inflammatory mediators, the scale of which is proportional to vasospasm and DCI risk. 10, 13 BBB dysfunction has also been directly linked to DCI risk through serum elevations of basal membrane catalytic enzymes such as matrix metalloproteinases (MMPs). [16] [17] [18] Together, these data suggest that high-resolution imaging of BBB permeability could act as a novel predictor of DCI following aSAH.
In this study, we assess the ability of advanced dynamic contrast-enhanced magnetic resonance (DCE-MR) permeability imaging, 19, 20 to identify early and subtle BBB changes following aSAH and prospectively predict risk of DCI.
Materials and methods
This study was approved by and conducted in accordance with the ethical standards of the Institutional Review Board (IRB) of the University of Southern California, and performed in compliance with Health Insurance Portability and Accountability Act regulations. Patient consent for procedures, data collection and review was obtained based on institutional guidelines. Data on consecutive patients presenting with aSAH were collected. In addition to standard aSAH care (detailed in the Supplemental Materials and Methods), a DCE-MR scan on post-bleed day (PBD) 4 (prior to the day 7 peak vasospasm period) 21 was obtained. Patients were screened daily for vasospasm using transcranial Doppler (TCD) ultrasonography, and those with elevated TCDs or neurologic declines underwent computed tomographic angiography (CTA) to assess for radiographic vasospasm.
Primary study outcome was development of DCI (defined as a new onset focal neurologic deficit with radiographic vessel narrowing without other pathologic explanations) within 14 days of aSAH. Patients were classified into three groups based on clinical course: no vasospasm or ischemia, radiographic vasospasm only, and DCI, with MR-derived BBB permeability compared across groups. 
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Data analysis
See Supplemental Materials and Methods for full data analysis. Briefly, data normality was assessed using a scatter plot and Anderson-Darling test. The random effect model was used to assess inter-group and inter-ROI variations and interactions, prior to post hoc contrast or ANOVA testing. Hochberg's step-up procedure was used for correction of multiple testing errors. Receiver operating characteristic (ROC) curves were used to assess the discrimination power of DCE-MR to predict DCI. SAS9.4 software (SAS Institute, Cary, NC) was used for all data analysis. An alpha level of 0.05 was used as the experimental wise error.
Results
Baseline patient data and vasospasm outcomes
Twenty patients presenting with aSAH were enrolled, with sixteen patients included in the final analysis (four excluded due to insufficient imaging quality). Of these 16 patients, 5 were male and 11 were female; average age was 57.6 AE 12.2 years. Hunt Hess (HH) scores ranged from 2 to 5 (average of 3.3) and Fisher scores ranged from 2 to 4 (average of 3.6). The most common aneurysm location was the anterior communicating artery (Acomm) region (6), followed by the middle cerebral artery (MCA) (4), posterior communicating artery (Pcomm) (3), posterior inferior cerebellar artery (PICA), vertebral artery (2), and ophthalmic artery (1). Nine of 16 patients underwent coiling for aneurysm treatment, with seven patients undergoing craniotomy for aneurysm clipping (Table 1) . Five patients developed DCI, three developed radiographic only vasospasm, and eight did not develop vasospasm or ischemia.
DCE-MR predicts clinical vasospasm
Three DCE-MR parameters were assessed. A statistically significant intersubject variability in the volume of the extravascular extracellular space per unit volume of tissue (v e ), and fractional plasma volume (v p ) was not observed. K trans values from each ROI were analyzed to identify potential differences in BBB permeability between ROIs and clinical groups (Figure 1(a) ; p < 0.01) (Figure 1(e) ). ROC curve analysis demonstrated that DCE-MR accurately predicted patients who developed DCI from those who experienced radiographic only or no vasospasm/ischemia (AUC ¼ 0.98, 95% CI: 0.93-1; diagnostic cut point 2 Â 10 À3 min À1 ) (Figure 1(f) ).
Discussion
The link between BBB permeability and DCI following aSAH has been explored in previous works, but not directly imaged. The first step in this process, microvascular dysfunction, begins immediately after aSAH and includes pathologic vasoconstriction, luminal platelet aggregation, and activation of early inflammatory cascades. 14, 15 Increased BBB permeability also occurs within 24 h post-hemorrhage as a result of endothelial dysfunction from oxidative stress and structural Figure 1 . DCE-MR blood-brain barrier imaging (K trans ) as a predictor of DCI. Standardized ROIs are shown (a) with labels of the vascular territory they represent. No significant differences can be appreciated using standard imaging protocols (b). Representative ROIs from a case without DCI (c) and with DCI (d) illustrate differences in DCE-MR BBB K trans values. (e) Following intrasubject ROI averaging, PBD 4 BBB K trans values were significantly higher in patients who developed DCI compared to those who developed radiographic only or no vasospasm/ischemia. (f) DCE-MR ROC curves accurately predicted patients who developed DCI from those who experienced radiographic only and no vasospasm/ischemia. * indicates p < 0.05; **p < 0.01. breakdown, as well as basal lamina degradation. 14, 15 These BBB alterations allow migration of macrophages and neutrophils into the subarachnoid space to 'clean up' extraluminal red blood cells as they begin to undergo hemolysis. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] There is no recognized pathway for these leukocytes to return to the circulation, however, and after approximately two to four days, they begin to undergo apoptosis. 32 These combined events promote the release of pro-inflammatory and vascular endothelial cell-derived spasmogenic molecules, including intercellular adhesion molecule-1 (ICAM-1), endothelin 1, and E-selectin, and are thought to contribute to the development of largevessel vasospasm and DCI. 8, [33] [34] [35] [36] While it is therefore logical that existing DCI risk scales are largely based on aSAH blood volumes, [3] [4] [5] 37 which should be proportional to the resulting inflammatory response, these scales have relatively poor predictive value. Several molecules have nonetheless linked BBB disruption following aSAH directly to DCI risk, suggesting the BBB as a potentially more clinically predictive target than SAH volume. MMPs released by microglia, astrocytes, and endothelial cells in the brain during extracellular matrix remodeling are one such molecule and have been previously identified as contributing to inflammatory conditions in the nervous system. 38 Multiple clinical studies measuring circulating soluble MMPs following sSAH have also demonstrated significantly higher MMP levels (specifically MMP-9) prior to the development of DCI. 17, 18 Additionally, in animal models of SAH, downregulation of MMP-9 expression has been shown to decrease the incidence of cerebral ischemia, 39 consistent with a contributory role of BBB dysfunction in DCI. Several other factors have also been implicated in BBB dysfunction after aSAH, including vascular endothelial growth factor, mitogen-activated protein kinase, hypoxia-inducible factor-1a, von Willebrand factor, and the upregulation of aquaporins, 17,40-43 some of which have been linked to DCI risk.
Building on these works, we hypothesized that global changes in the BBB, if measurable, should be more pronounced in patients that experience DCI versus those who do not. Our data support this hypothesis, as DCE-MR permeability did not vary significantly among ROIs in the same patient, but still predicted the development of DCI as compared to radiographic vasospasm only or no vasospasm/ischemia. These findings are also consistent with the increasing recognition of the complex global vascular pathophysiologic processes that separate DCI from asymptomatic, 'mechanical' large-vessel narrowing. 44 Although our data differ subtly from a recently published study linking focal rather than global computed tomography perfusion (CTP) changes (an indirect marker of BBB dysfunction) with DCI, 45 this retrospective analysis used only regional in-patient controls and did not assess CTP in patients with radiographic vasospasm only or no vasospasm/ ischemia, limiting the interpretation and clinical utility of this work.
Mechanistically, while it is unclear whether the early BBB dysfunction characterized by DCE-MR plays a causal role in subsequent DCI development, or is itself a concomitant marker of more influential upstream microcirculatory pathologic processes, the ability of BBB modulating agents to affect DCI risk suggests at least some causality between these processes. 39 As the previously identified serum markers of vasospasm risk only indirectly assess BBB permeability, 17 ,18 the ability to directly assess global BBB permeability changes that predict DCI risk via non-invasive DCE-MR represents a major advancement for aSAH research. Moreover, because DCE-MR imaging was completed on PBD 4, correlating with peak levels of circulating biomarkers associated with BBB dysfunction but preceding the highest DCI risk period, 17, 18, 21 these data provide a clinically relevant window for potential alterations in the management of high-risk aSAH patients in future studies.
Despite the relatively small sample size of our study, its prospective design allowed for robust statistical analyses to determine not only a significant correlation between DCE-MR and DCI, but also the discrimination power of this imaging modality using ROC curves. With a statistical power comparable to several recent reports assessing other imaging modalities after aSAH, [45] [46] [47] [48] our data highlight the clear clinical potential of MR permeability testing after aSAH. Future, larger studies will nonetheless be needed to confirm the findings of this pilot work.
Conclusion
BBB MR-permeability imaging can accurately identify patients at highest risk for developing DCI following aSAH.
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